The recent identification of a novel protein-protein interaction module, termed PB1, in critical signaling molecules such as p62 (also known as sequestosome1), the atypical PKCs, and Par-6, has unveiled the existence of a new set of signaling complexes, which can be central to several biological processes from development to cancer. In this review, we will discuss the most recent advances on the role that the different components of these complexes have in vivo and that are relevant to human disease. In particular, we will review what we are learning from new data from knockout mice, and the indications from human mutations on the real role of these proteins in the physiology and biology of human diseases. The role that PKCf, PKCk/i, and Par-4 have in lung and prostate cancer in vivo and in humans will be extensively covered in this article, as will the multifunctional role of p62 as a novel hub in cell signaling during cancer and inflammation, and the mechanistic details and controversial data published on its potential role in aggregate formation and signaling. All this published information is shedding new light on the proposed pathological implications of these PB1-regulators in disease and shows their important role in cell physiology.
The protein kinase C (PKC) isozymes constitute a family of Ser/Thr kinases of the AGC group, which are subdivided into classical, novel, and atypical isoforms, based on structure and sequence homology and on their cofactor requirements. They all contain a C-terminal kinase domain linked through a variable 'V3' domain to an N-terminal regulatory domain, in which most of the structural differences reside (Figure 1a ). The latter contains three functional elements: (i) an inhibitory region (pseudosubstrate), (ii) a C1 domain or zinc finger (one copy or tandem repeats), and (iii) a C2 domain. Distinct features of the regulatory domains contribute substantially to the particular roles of individual isoforms and to their respective mechanisms of action.
The atypical protein kinase C (aPKC) subfamily is composed of two members, PKCz and PKCl/i. PKCl is the mouse homolog of the human PKCi. The two aPKC isoforms are highly related, sharing an overall amino acid identity of 72%. 1 The conservation in their sequences is most striking in the catalytic domain, which is also conserved among other PKC isotypes that belong to the classical and novel subfamilies. In contrast, the regulatory domain of the aPKC subfamily diverts from other members of the PKC family; it has only one zinc finger, whereas the other PKCs have two 1 (Figure 1a ). Through the zinc-finger domain, the aPKCs bind Par-4, a negative regulator of their enzymatic activity. Similar to the novel PKCs, the aPKCs lack the characteristic C2 domain that is present in the classical isoforms ( Figure 1a) . These important structural differences may explain why the aPKCs are insensitive to Ca 2 þ , diacylglycerol, and phorbol esters, which are potent activators of the other isoforms. 1 
The PB1 Domain: a Distinctive Characteristic of the aPKCs
The recent identification of the protein-interaction domain PB1, present at the N-terminus of the aPKCs, has opened new avenues to explore the roles of these kinase isoforms by looking for adapters and regulators that could shed light on their functions 2 ( Figure 1 ). It is well known that PKCs are kinases that display little selectivity in vitro and when overexpressed in cells. This invokes the need for cellular mechanisms to confer functional specificity while preserving the capacity for cross talk, which is necessary for the regulation of complex biological processes. As the aPKCs have been implicated in diverse cellular functions, different adapter proteins must exist to achieve the required specificity during cell signaling. 3 In this regard, the PB1s are dimerization/oligomerization domains present in adapter and scaffold proteins, as well as in kinases, and serve to organize platforms to assemble the protein complexes necessary for such specificity. The PB1 domains are named after the prototypical domains found in Phox and Bem1p, which mediate polar-heterodimeric interactions. The PB1 domains comprise about 80 amino acid residues and are grouped into three types: type I (or type A), type II (or type B), and type I/II (or type AB). The type I domain group contains a conserved acidic DX(D/E)GD segment (called the OPCA motif) that interacts with a conserved lysine residue from a type II domain. Type I includes the PB1 domains of p40phox, MEK5, and NBR1, whereas type II occurs in p67phox, Par-6, MEKK2, and MEKK3. The type I/II PB1 domain, containing both the OPCA motif and the invariant lysine, is present in the aPKCs and in p62 (also known as sequestosome-1).
2, 4 Type I and type II PB1 domains interact with each other in a front-to-back manner resulting in heterodimers in which acidic residues on the OPCA motif form salt bridges with basic residues of the type II PB1 domain. Two-hybrid screenings in yeast identified p62 and Par-6 as selective adapters for the aPKCs.
3,5-8 Par-6 has been shown to be central to the control of cell polarity and, through its PB1 domain, allocates the aPKCs specifically in polarity-related functions 2 (Figure 1b) . On the other hand, the p62/aPKCsignaling platform has a critical role in NF-kB activation 9 ( Figure 1b ). p62 interacts with PKCz and PKCl/i, but not with any of the other closely related PKC family members. It is not a substrate, and does not seem to significantly affect the intrinsic kinase activity of PKCz or PKCl/i. Moreover, it harbors a number of domains that support its role as a scaffold in cell signaling (Figure 1b) . Thus, the formation of aPKC complexes with different adapters, scaffold proteins, and regulators, such as Par-6, p62, and Par-4, serves to confer specificity and plasticity to the actions of these kinases and to establish signaling networks that control several key cellular functions. However, the factors that determine which complex is formed at a given time and within a specific cell context remain to be identified (Figure 1 ). In this regard, new phosphorylation events have been identified that take place in the PB1 domain of PKCi, which may offer an explanation of a novel mechanism that could account for switches between the different interacting partners. 10 
Specificity and Function of the aPKCs
Before the recent availability of loss-of-function animal models, the similarity between PKCl/i and PKCz and the lack of rigorously specific genetic and biochemical tools have hampered the effort to assign unique functions to the individual isoforms. For example, many studies have used commercially available antibodies that do not discern between the two aPKC isoforms. Also, attempts to inhibit aPKC enzymatic activity in cell cultures have made extensive use of a peptide with the sequence of the pseudosubstrate, which is identical for both aPKCs and therefore non-specific. In addition, the pseudosubstrate region is highly conserved among all the PKCs, not only the aPKCs, which casts serious doubts on studies that rely solely on the use of such reagents to establish the role of the aPKCs in a given function. 11, 12 Moreover, the overexpression of dominantnegative and active forms of the two aPKCs does not necessarily discriminate between specific functions for each isoform, as these manipulations may impinge on pathways other than those with physiological relevance to each aPKC isotype. Despite these problems, however, the genetic inactivation of these isoforms in vivo by using knock out (KO) mouse technology is starting to shed light on their specific roles.
The fact that PKCl/i KO in mice is embryonic lethal at early stages, probably because of defects in cell polarity, 13 whereas the PKCz KO mice are born in Mendelian ratios, 14 was a first indication of the different and specific functions that each of these kinases might have in vivo. The phenotypic analysis of PKCz KO mice revealed a role for this kinase in the control of the immune response.
2 That is, PKCz-deficient mice 14, 15 In keeping with this, the loss of PKCz impaired B-cell survival and proliferation in response to activation through the B-cell receptor with no major alterations in T-cell proliferation. 15 In addition, the analysis of PKCz-deficient mice unveiled an important role of PKCz in the control of T-cell polarization programs, specifically during Th2 differentiation. In fact, PKCz levels were increased during Th2 but not Th1 differentiation of CD4 þ T cells, and the loss of PKCz impaired the secretion of Th2 cytokines in vitro and in vivo, Jak1 activation, and the nuclear translocation and tyrosine phosphorylation of Stat6, essential downstream targets of IL-4 signaling. Moreover, PKCz KO mice displayed dramatic inhibition of ovalbumin (OVA)-induced allergic airway disease, strongly suggesting that PKCz might be a good candidate for a novel therapeutic target in asthma, through the control of the IL-4 pathway. 16 The aPKCs have also been implicated as important mediators in the control of cell survival through the activation of NF-kB in multiple cell systems. 3, 17, 18 Indeed, the genetic inactivation of PKCz in mice supports a key role of this isoform in the activation of NF-kB in that PKCz deficiency impairs NF-kB at two levels. 14 In the lung, where PKCz is especially abundant, this kinase is required for the activation of IKK in vivo, whereas in other systems, such as embryo fibroblasts, endothelial cells, and B cells, 15, 19 PKCz controls the phosphorylation of the RelA subunit of the NF-kB complex at Ser311, enabling its interaction with the transcriptional coactivator CBP and subsequent gene expression. 20 Therefore, depending on the system, PKCz could be considered an IKKb kinase or may act downstream of IKKb by controlling the transcriptional activity of the NF-kB complex.
On the other hand, unlike PKCz, PKCl/i is required during development, as evidenced by the fact that PKCl/i-deficient mice die by embryonic day 9.5, likely because of abnormalities in development detected as early as day 6.5. 13 This phenotype is in agreement with that found for the disrupted expression of the aPKC orthologs in C. elegans, 21 Xenopus, 11 and Drosophila. [22] [23] [24] [25] Functional knockouts in these organisms result in early embryonic lethality because of defects in polarity and asymmetric cell division. [21] [22] [23] [24] [25] The analysis of tissue-specific conditional PKCl/i-deficient mice is helping to elucidate the in vivo role of this atypical isoform. For example, the selective deficiency of PKCl/i in the liver resulted in increased insulin sensitivity, 26 whereas b-cell deficiency impaired glucose-induced insulin secretion and glucose tolerance. 27 Muscle-specific PKCl/i-deficient mice also provided evidence of its role in insulin action with a phenotype closely mimicking the human metabolic syndrome. 28 Whether PKCl/i is dysfunctional in acquired insulin resistance has yet to be determined in humans. In relation to its function in the immune response, PKCl/i, similar to PKCz, has an essential role in Th2 establishment and allergic airway disease in mice. 29 Thus, the specific deletion of PKCl/i in activated T cells showed that this kinase is required for T-cell polarity and the activation of Th2-transcription factors, such as NF-kB, NFATc1, and GATA-3, linking defects in polarity to a functional impact on the Th2-mediated responses. 29 
The aPKC Regulators and Adapters Provide Clues to aPKC Function
Studying the in vivo function of the adapters and interacting partners of the aPKCs is an important tool to comprehensively address the physiological role of this kinase network. In fact, the analysis of the phenotype of Par-4-deficient mice confirmed the functional implication of the aPKCs in the immune response, mostly through their ability to regulate NF-kB. The available data support a model according to which the interaction of Par-4 with the zinc-finger region of the aPKC regulatory domain leads to the inhibition of aPKC enzymatic activity and the consequent reduction of NF-kB activity. 30 In this regard, the loss of Par-4 in embryo fibroblasts leads to increased aPKC and NF-kB activation. 31 Consistent with this, the NF-kB-dependent antiapoptotic protein XIAP is expressed at significantly elevated levels in Par-4-null cells, which correlates with reduced caspase-3 activation and apoptosis. 31 In addition, Par-4 and PKCz KO mice display opposite immune system phenotypes in vivo. 15, 32 That is, although PKCz -/-mice have impaired B-cell proliferation and function, 15 Par-4 -/-mice have increased B-cell and T-cell proliferation. 32 Also, Par-4 -/-T cells overproduce the Th2 cytokine IL-4, 33 whereas PKCz -/-T cells show impaired Th2 polarization and IL-4 secretion ex vivo and in vivo. 16 As Par-4 binds and inhibits both aPKC isoforms, understanding the role of this negative regulator might help to predict the impact of inhibiting both isozymes in vivo, as could be the case with aPKC pharmacological inhibitors.
With regard to the adapter protein p62, it has been shown to be required for NF-kB signaling in several systems, [34] [35] [36] including Drosophila, in which a functionally relevant homolog termed Ref(2)P has been identified. 37 It is noted that p62 has been shown to be required for the sustained phase of NF-kB activation during T-cell differentiation, a process that is critical in asthma and other allergic diseases. 38 Interestingly, p62 levels are induced on T-cell differentiation, 38 suggesting that p62 is necessary to control biochemical events required for proper differentiation. The loss of p62 in T cells impairs their ability to produce Th2 cytokines ex vivo and is required for an optimal lung inflammatory response. 38 Therefore, p62, similar to PKCz and PKCl/i, emerges as an important component of the signaling cascades regulating Th2 function and asthma.
On the other hand, Par-6 has been shown by genetic manipulations to be critically implicated in the control of cell polarity in C. elegans and Drosophila. 7, 8 Although genetic data have yet to be produced to prove the role of the aPKCs and Par-6 in different aspects of mammalian cell polarity, overexpression analyses have implicated the Par-6/aPKC complex in the control of the epithelial-mesenchymal transition, 39 T-cell 40 and neuronal polarity, 41 and cell polarity in migrating astrocytes, 42 among other functions. Our recent demonstration of a role for PKCl/i in the control of T-cell polarity in knockout cells and mice is the first genetic demonstration of such a role for an aPKC in mammals. Therefore, the formation of aPKC complexes with different adapters and scaffold proteins serves to confer specificity and plasticity to the actions of these kinases.
The Cancer Biology of the aPKCs
Cell transfection and overexpression experiments suggested a role for the aPKC pathways in tumorigenesis and led to different proposed mechanisms of action. However, the actual pathophysiological relevance of the different components of this network is now being established by studies in human cancer samples, and, importantly, in mouse genetic KO models as well.
In the case of PKCz, a number of studies support its clinical relevance in tumorigenesis, including reports on altered expression in different types of cancer. Most of the studies, however, are restricted to microarray data with very limited reliable information on protein expression, as the antibodies used for these analyses recognize both aPKCs, thus precluding any conclusion regarding isoform specificity. It is noted that different studies in human tumor specimens have reported both the up-and downregulation of PKCz expression, which may indicate tissue-specific roles for this aPKC isoform. That is, downregulated expression of PKCz has been shown in glioblastoma, [43] [44] [45] [46] lung cancer, [47] [48] [49] kidney renal clear cell carcinoma, 50 melanoma, 51 and pancreatic cancer, 52 whereas its upregulation has been shown in prostate cancer, 53, 54 bladder cancer, 55, 56 and lymphomas 57, 58 All these studies point to an important role for PKCz in human carcinogenesis. They have also unveiled a need for studies on the mechanism of PKCz action to rigorously test whether it is an oncogene or, on the contrary, a tumor suppressor, and whether this depends on tissue-specific factors. A recent study from the Vogelstein laboratory, which could be of high relevance to this question, describes a genome-wide catalog of genetic changes in breast and colorectal tumors in which exons representing more than twenty-thousand transcripts from more than eighteen-thousand genes were analyzed. 59 In this study, they identified a few commonly mutated genes. Interestingly, their analysis led to the identification of a mutated form of PKCz (S514F), along with mutations in other genes in human colorectal cancer that can be grouped bioinformatically in a pathway including, in addition to PKCz, relevant signal transducers such as IRS2, IRS4, PIK3R5, PTEN, RHEB, RPS6KB1, and PIK3CA. 59 These results reinforce the earlier suggestion of a role for PKCz in human tumorigenesis. Surprisingly, biochemical analysis of the consequence of the S514F mutation revealed that it significantly impaired PKCz enzymatic activity. 49 This could be interpreted to mean that tumorigenesis is associated with impaired PKCz and that, in fact, this kinase should be considered as a tumor suppressor. Consistent with this hypothesis, the overexpression of catalytically active PKCz, but not the S514F mutant, in Ras-expressing NIH-3T3 fibroblasts restrained tumor growth in a xenograft in vivo model. 49 Furthermore, overexpression of the K281R kinasedead mutant of PKCz in the same in vivo model further enhanced tumorigenesis. 49 Collectively, the results of these studies strongly suggest that PKCz activity is important for restraining tumorigenesis in vivo. In keeping with this notion, PKCz levels were low or undetectable in a significant proportion of human lung carcinomas. 49 A consideration of this finding, combined with the potential existence of inactivating mutations similar to the one identified in colon cancer patients, suggests that, in fact, the loss or inactivation of PKCz will lead to tumorigenesis. A more physiological cancer model using PKCz KO mice strongly supports these conclusions. 49 That is, the analysis of a mouse model of pulmonary adenocarcinoma in which oncogenic Ras is inducibly expressed in type II alveolar epithelial cells in response to doxycycline 60 showed that lung tumorigenesis is dramatically enhanced in a PKCz KO background compared with that of WT mice. 49 A negative role for PKCz in carcinogenesis contrasts with the apparent role of PKCl/i. That is, xenograft experiments in Ras-transformed embryo fibroblasts showed that the loss of PKCl/i dramatically impaired tumorigenesis (Figure 2 ). This is in agreement with results from Fields and co-workers showing that the loss of PKCl/i severely impaired intestinal tumor formation in the Apc
Min/ þ mouse model. 61 It is quite remarkable that KO mice lacking PKCl/i show phenotypes completely opposite to PKCz KO mice because the aPKCs share a striking degree of homology. Consistent with this, an increasing number of studies in humans show aberrant expression of PKCl/i in several cancer types, 62 but, contrary to PKCz, PKCl/i is highly upregulated in all types of tumors, through gene amplification, increased mRNA expression, and protein overexpression. For example, PKCl/i protein levels are overexpressed in non-small cell lung adenocarcinomas (NSCLC), and the PKCl/i gene is frequently amplified in this tumor type. 63 Furthermore, these studies propose that PKCl/i expression is a useful marker of poor prognosis in this type of malignancy. 47, 63, 64 Moreover, PKCl/i is genomically amplified and overexpressed in ovarian cancers, [65] [66] [67] [68] giving rise to the loss of apical-basal epithelial cell polarity. 66 A similar mechanism has been proposed in a recent report on overexpression and altered localization of PKCl/i in breast cancer, suggesting that the normal apicobasal polarity is lost on the progression of a breast lesion to invasive ductal carcinoma. 69 Gene locus amplification of PKCl/i has also been reported in esophageal squamous cell carcinoma. 70 PKCl/i is also upregulated in bladder cancer, 56 prostate cancer, 71 sarcoma, 72 lymphoma, 58 and multiple myeloma. 73 Taken together, these observations support a critical role for both aPKCs in cancer, but suggest that they are most likely playing opposite roles.
The Tumor Suppressor Role of Par-4
The fact that Par-4 binds both aPKCs, inhibiting their enzymatic activity, combined with the observation that its overexpression leads to increased apoptosis 31, 74 is puzzling in light of the opposing roles of the two aPKCs in carcinogenesis. The generation of Par-4 KO mice allowed the establishment of its actual in vivo role in cancer. It is noted that 80% of the Par-4 KO females presented endometrial hyperplasia by 9 months of age, and at least 36% developed endometrial adenocarcinomas after 1 year of age. 75 Par-4 KO males showed a high incidence of prostate hyperplasia and prostatic intraepithelial neoplasias. 76 These data strongly suggest that Par-4 could be a novel tumor suppressor in these two types of tumorigenic process. The analysis of human tumors supports this notion. That is, a study using cDNA arrays, quantitative reverse transcription-PCR, and immunohistochemistry detected Par-4 downregulation in approximately 40% of human endometrial carcinomas. 75 This study also showed that Par-4 promoter hypermethylation was detected in 32% of the tumors in association with low levels of Par-4 protein, and was more common in carcinomas positive for microsatellite instability, 75 indicating that promoter hypermethylation is the mechanism whereby Par-4 levels are downregulated in tumor cells.
Interestingly, recent studies show that Par-4 expression is lost in a high percentage of human prostate carcinomas (about 60%), with a significant association between Par-4 promoter methylation and lack of Par-4 expression, and a clear association with PTEN loss (Diaz-Meco MT and Moscat J, unpublished observations). This is very interesting because PTEN loss has been associated with, and shown to be critical in, prostate cancer. 77, 78 Interestingly, Par-4 KO mice, similar to PTEN-heterozygous mice, develop only benign prostate lesions, but, importantly, concomitant Par-4 ablation and PTEN heterozygosity lead to invasive prostate carcinoma in mice (Diaz-Meco MT and Moscat J, unpublished observations). These results establish a cooperation between the two tumor suppressors, Par-4 and PTEN, as relevant for the development of prostate cancer in mice and possible in humans as well.
Of potential interest to establishing the generality of Par-4 as a tumor suppressor in cancer are data showing that the loss of Par-4 clearly enhances lung carcinogenesis in a mouse lung cancer model in which oncogenic Ras is introduced following a knock-in strategy, and inducibly expressed in an endogenous manner. 79 This and the doxycycline-inducible lung cancer model discussed above are physiologically relevant in vivo lung cancer models because the target cell, as in humans, is the type II pneumocyte that, in addition to the Clara cells, is the most likely precursor of human lung carcinoma. 60, 80 Therefore, it appears that Par-4 is a tumor suppressor not only in the endometrium and prostate cancer but also in lung cancer. Consistent with this concept, a study of its expression in human NSCLC revealed that 47% of tumors were negative for Par-4 as determined by IHC, and that there was a clear correlation between the loss of Par-4 and tumor type. That is, 41% of the adenocarcinomas were negative for Par-4 expression, whereas only 6% of squamous cell carcinomas showed negative staining for Par-4. Also, when the adenocarcinomas were stratified by grade, it was clear that 74% of grade III tumors had lost Par-4 expression, whereas 59% of grade I-II tumors were negative for Par-4. Together, these data show that Par-4 is a relevant tumor suppressor gene in a significant number of human malignancies, strongly suggesting that this protein may have an important function in the prevention of, at least, endometrial, prostate, and lung cancer.
What Lies Downstream of Par-4?
As Par-4 manifests tumor suppressor activities 76, 79 and is known to be involved in the binding and inhibition of PKCl/i and PKCz, 74 it follows that both aPKCs are downstream targets of Par-4 in carcinogenesis. However, the fact that the inhibition or deletion of PKCz enhances tumorigenesis, 49 similar to Par-4 deletion, 75, 76, 79 whereas the inactivation of PKCl/i blocks tumorigenesis (Figure 2 
in benign and malignant tumorigenesis, and is clearly linked to its mechanism of action. That is, it is possible that under conditions of hyperplasia in which tumors do not undergo metabolic stress, PKCz, likely through its role as an activator of Akt 79 and NF-kB, 14 is necessary for the tumor proliferation and survival state unleashed by the loss of Par-4. That is the case for the development of benign hyperplasia produced in the Par-4 KO mice, which is completely eliminated by the simultaneous inactivation of PKCz (DiazMeco MT and Moscat J, unpublished observations). However, in the case of more aggressive tumors, similar to those triggered by the expression of oncogenic Ras, which are characterized by a high degree of metabolic and nutrient stress, the loss of PKCz would trigger another pathway that results in enhanced proliferation of the tumor cells 49 ( Figure 2 ). The basis for this explanation was obtained in experiments where the growth of PKCz-deficient Ras-transformed embryonic fibroblasts was investigated under conditions of plentiful nutrient availability, or under conditions of nutrient deficiency. 49 The latter situation is more likely to occur in the context of large, aggressive tumors. Interestingly, under conditions of nutrient and mitogen availability, the loss of PKCz clearly impaired the proliferation of Ras-transformed cells, whereas under conditions of nutrient and mitogen deficiency the opposite phenotype was observed. 49 This indicates that PKCz controls two antagonistic pathways for oncogenic cell proliferation (Figure 2 ): one that is required under normal conditions, and another that is inhibitory under nutrient-deficient stress situations.
The molecular mechanisms controlling either pathway need to be clarified, but it is interesting to note that the expression of Ras in lung tissues triggers the expression of a myriad of NF-kB-dependent genes in wild-type mice, which is completely inhibited in a PKCz KO background. 49 Despite the inhibition of NF-kB, IL-6 levels are enhanced in Ras-transformed KO tissues and cells, which have been shown to be important in allowing these mutant cells to proliferate under highly aggressive tumorigenic and nutrient-stressed conditions. 49 The details of how PKCz negatively influences IL-6 production Signaling through the p62-aPKC complex J Moscat et al still need to be worked out, but are likely to involve epigenetic changes in the IL-6 promoter. 49 The aPKCs, Mammalian Cell Polarity, and Cancer
The analysis of Par-4 KO and Par-4/PKCz DKO mice revealed that PKCz, in addition to having an important role in NF-kB gene expression, also regulates Akt by direct phosphorylation. 79 The ability of PKCz to influence these two important signaling cascades is of great relevance for the mechanism of action of the Par-4/PKCz cassette, at least in prostate and lung cancer. 79 However, the mechanism whereby PKCl/i regulates tumorigenesis in vivo is still a mystery. It is possible that PKCl/i could be having a major role in a signaling cascade different from those controlled by PKCz, involving, for example, the Par-6/Par-3 polarity complex. Recent in vitro experiments link components of the polarity complexes to cancer, suggesting that the overexpression of Par-6 leads to increased growth factor-independent cell proliferation. 81 This, in turn, results in the hyperplastic development of polarized cells in three-dimensional acini, because of aPKC-dependent regulation of the MEK/ERK signaling cassette, but surprisingly without affecting cell polarity. 81 These results would be consistent with the already known ability of overexpressed aPKCs to modulate MEK 82, 83 but are difficult to reconcile with the genetically well-established role of Par-6 in cell polarity, at least in lower organisms. 84 In the same vein, the manipulation of the levels of another polarity protein, named Scribble, also leads to changes in ERK activity, but in this case associated with alterations in the polarity phenotype. 85 Scribble is particularly interesting as its polarization has been shown to be under the control of PKCl/i in KO T cells, 29 and has also been shown in in vitro transfection experiments to channel apoptosis signals activated by the interaction of the oncogene ERB2 with the Par-6/aPKC module, 86 or by expression of the Myc oncogene in vitro in cell-culture model systems. 87 The interaction between Par-6 and PKCl/i in the human lung adenocarcinoma cell line A549 has also been suggested to be relevant for transformation, at least in overexpression and co-transfection experiments. 88 Therefore, a number of in vitro overexpression experiments implicate different polarity proteins in growth signaling control. However, in vivo demonstrations of the actual role of the aPKCs in cell polarity control in relevant cancer models are, unfortunately, still sorely lacking.
That the only aPKC existing in lower organisms has an important role in polarity is widely accepted.
2, 84 In this regard, genetic studies in Drosophila and C. elegans support an important role for their aPKC, which is more closely related to PKCl/i than to PKCz in cell polarity. 2, 84 There is also a consensus that the loss of cell polarity could be relevant to carcinogenesis in mammalian cells.
84 Surprisingly, although the genetic inactivation of PKCl/i in mature T cells gives rise to polarity defects that translate into activation defects in vitro and in vivo, 29 PKCl/i deficiency in the liver or intestine, or PKCz deficiency in the lung, does not result in detectable alterations in cell polarity under basal, non-transformed conditions. 26, 49, 89 It is believed that polarity loss should increase tumorigenesis and metastasis. 90 However, the only available in vivo data implicating PKCl/i in cancer shows that its inactivation prevents, rather than enhances, the tumorigenic phenotype of Apc Min/ þ mice. 61 This important observation goes against the purported role of PKCl/i in cell polarity and its impact on promoting transformation when ablated. It is possible that the simple KO of one of the aPKCs is not sufficient to drive the polarity phenotype in certain cell types and tissues, and that the simultaneous inactivation of PKCl/i and PKCz is required for cell polarity effects to become detectable. However, this type of experiment, in which both aPKCs are deleted, could lead to confounding results, as the complete ablation of both aPKCs might lead to restructuring of different PB1 protein complexes, which could artifactually create novel signaling units whose physiological and real pathological significance would be questionable. Probably a better strategy would be to create genetic knock-in models with mutations in polarity genes, which could potentially be identified in unbiased genome-wide genetic screens of human tumor samples. The identification of the PKCz S514F mutation described above 49, 59 combined with the fact that its expression, at least in Ras-expressing xenografts, gives a phenotype consistent with that of the Ras-expressing PKCz KO lung, might lead the way to genetic experiments that are more physiologically relevant to cancer.
The Role of p62 as a Hub in Cell Signaling
The fact that p62 is a molecule rich in different modular structures suggested, from the time of its initial identification, that it would have a critical role in the organization of cell signaling events that mediate a variety of cell functions 6, 91 ( Figure 3) . Similar to the analysis of the aPKCs and Par-4, the analysis of mutations in humans and the phenotype of the KO mice have enlightened us with regard to its importance and mechanism of action, and have also brought about a new set of questions.
The first indication of a physiological function for p62 came from the discovery that it harbors several mutations associated with Paget's disease of the bone (PDB). 92, 93 This suggested that a major role for p62 in humans was likely to be linked to the control of bone homeostasis. 94 In fact, p62 KO mice display defects in osteoclastogenesis in vitro as a consequence of inefficient activation of NF-kB in KO osteoclasts activated by RANK-L or TNFa, two critical cytokines in the activation of the osteoclastogenic response in vivo. In addition, RANK-L triggers the formation of a p62-aPKC-TRAF6 complex in the pre-osteoclast cell line RAW 264.7 and in primary bone marrow-derived macrophages (BMDMs). However, given that the PKCz À/À BMDMs, in contrast to BMDMs with PKCl/i knocked down, do not have osteoclastogenic defects, this suggests that PKCl/i may be the aPKC that acts in a signaling complex with p62 in this pathway 95 (Diaz-Meco MT and Moscat J, unpublished observations). Interestingly, the expression of p62 with a PDB mutation resulted in hyperactivated NF-kB and gain-of-function osteoclastogenesis, a phenotype consistent with that of the human disease. 96 Therefore, these studies, in combination with others showing a role for p62 in NF-kB activation at the level of the E3 ubiquitin ligase TRAF6 in other systems, 9, 91, 97 solidly established p62 as a critical player in the sustained activation of NF-kB. This link between p62 and NF-kB can also explain, at least in part, its role in cancer. Levels of p62 were dramatically increased in several tumor types, especially human lung cancers where more than 60% of lung adenocarcinomas and more than 90% of squamous cell carcinomas displayed elevated p62 protein levels, as determined by the immunohistochemical analysis of tissue microarrays. 9 Therefore, the facts that p62 is an activator of NF-kB, that this transcription factor has been shown to have a critical role in cancer, 98 and that human tumors have elevated p62 levels, strongly suggested that p62 could be an important player in tumorigenesis. In fact, experiments using the Ras-inducible lung cancer mouse model, discussed above, clearly showed that the p62 KOs show an outstanding resistance to carcinogenesis in this system, 9 very likely because of impaired Ras-induced NF-kB activation, 9 a critical pathway for Ras-induced survival. 99 In this regard, the genetic inactivation of PKCz also inhibits Ras-induced NF-kB but, in contrast to p62, PKCz KO mice display enhanced tumorigenesis. 49 This is mediated by an overproduction of IL-6 through a kB-independent mechanism. 49 Thus, although PKCz and p62 both control the expression of NF-kB-dependent genes, suggesting that the p62-aPKC module is relevant for Rasinduced NF-kB, the mechanisms whereby they participate in the NF-kB pathway in response to Ras and the final outcome in carcinogenesis are different. That is, unlike PKCz, p62 is required to activate the IKK complex through the activation of K63-mediated polyubiquitination of TRAF6 and to regulate the nuclear translocation of RelA/p65 in response to Ras. 9, 35, 95, 97 PKCz, on the other hand, can both positively regulate NF-kB at the transcriptional level and, at the same time, exert a negative effect on IL-6 production through a kB-independent pathway, which is responsible for the observed increase in carcinogenesis. 14, 20, 49 In this scenario, PKCz could emerge as a critical step in the generation of inflammatory cytokines that might decide the final outcome of the carcinogenic process. The role of a p62-PKCl/i complex in Ras-induced carcinogenesis has not yet been addressed in in vivo mouse models.
In keeping with a role for p62 in cancer and the importance of NF-kB in this process, a recent study showed that knocking down p62 in stroma cells from multiple myeloma (MM) patients significantly inactivated the support of myeloma cell growth, likely because of the reduced production of IL-6, TNFa, and RANK-L by the p62-deficient stroma cells. 100 It is noted that aPKC activity was increased in marrow stromal cells from MM patients and that its activity was inhibited on knockdown of p62 in these cells. 100 This indicates that the p62-aPKC complex is an important step regulating NF-kB to modulate the MM stromal environment. This is particularly relevant in light of new information implicating NF-kB in multiple myeloma. That is, two laboratories, by using multiplepronged genomic and gene-expression profiling approaches, have identified NF-kB-activating mutations in one-fifth of several hundred myeloma cell lines and patient samples. 101, 102 These include gain-of-function mutations in positive regulators of NF-kB, such as NIK, NFkB1, NFkB2, and receptors of the TNF receptor superfamily, and loss-offunction mutations in genes encoding negative regulators such as TRAF3, TRAF2, and CylD. 101, 102 Interestingly, there is also evidence that p62 interacts with CylD, which suggests a potential dual role of p62 in regulating not only the ubiquitination and subsequent activation of NF-kB signaling intermediaries but also its inactivation by deubiquitination through CylD. 103, 104 Consistent with this, the analysis of p62 KO mice also suggested a role for this molecule in controlling the accumulation of polyubiquitinated proteins, whose role in cell toxicity and tissue damage has been inferred from observations that they accumulate, along with p62, in several degenerative diseases. 105 For example, it has been shown that p62-deficient brains display increased accumulation of polyubiquitinated proteins, which can be because of the impaired proteasome activity 103 or decreased deubiquitination associated with p62 deficiency. 103 Interestingly, defects in autophagy also result in the accumulation of polyubiquitinated protein aggregates. 106, 107 On the other hand, in vivo data in genetically modified mice support a role for autophagy in the control of p62 levels. That is, mice deficient in one of the critical autophagy genes, Atg7, display dramatically increased levels of p62 and an accumulation of polyubiquitinated aggregates that colocalize with p62.
108 Surprisingly, Atg7/ p62 double KO hepatocytes, but not neurons, lack these aggregates, suggesting that p62 could, under some circumstances, have a still-to-be clarified role in their formation, at least in the liver. 108 These results have been interpreted to mean that p62, and possibly another scaffold protein termed NBR1, 109 might have structural roles in the formation of these aggregates. The precise role of these aggregates in cell pathophysiology still needs to be clarified. However, an elegant work recently published by Rubinsztein and coworkers 110 adds another angle to this problem that complicates the proposed role of p62 as a structural element in the formation of polyubiquitinated aggregates. 108, 111, 112 This group showed that the increased accumulation of p62 in autophagy-deficient cells led to the inhibition of the proteasome, which caused the accumulation of polyubiquitinated aggregates. 110 Obviously, in the absence of p62, the proteasome is not inhibited and the accumulated polyubiquitinated proteins are efficiently degraded in autophagy-impaired cells, 110 potentially explaining the lack of aggregates in the Atg7/p62 double KO mice without the need to invoke a hypothetical role for p62 in the building up of the aggregates. 108 This proposed hyperactivation of the proteasome in Atg7/p62-deficient livers would be in agreement with the observation that the amount of polyubiquitinated proteins accumulated in that organ in these doubly mutant mice, as determined by SDS-PAGE, is lower than that in the single Atg7-deficient mice. 108 One possibility is that p62, by binding the autophagy adapter LC3 and ubiquitinated proteins, brings aggregated or misfolded proteins to the autophagosome for their degradation. [113] [114] [115] Recent RNA interference and overexpression experiments in several cell culture systems suggest that possibility. [113] [114] [115] If this were the case, it would be very interesting because it would mean that cells have evolved a p62-dependent mechanism to dispose of excess proteins in the absence of a functional proteasome. However, it still needs to be clarified whether this putative p62-mediated autophagy mechanism is functional under physiological conditions, whether it is specific to pathological situations in which the proteasome is inhibited, or whether it is just an artifact of cell culture conditions. Again, this is complicated because of the connection of p62 to the proteasome, wherein p62 has been shown to have a critical role in the delivery of K63-polyubiquitinated proteins for degradation through a p62-S5a interaction. 116 It appears that the proteasome cannot degrade insoluble misfolded proteins, which suggests that cellular surveillance pathways must exist to modulate protein quality control independent of the proteasome. There is the potential for p62 to be involved in such a mechanism; however, solid genetic evidence for this still needs to be produced. In this regard, recent findings reveal that the co-chaperones BAG1 and BAG3 are both involved in regulating the proteasomal and autophagic pathways, 117 where the BAG3/BAG1 ratio maintains appropriate protein homeostasis. Clearly then, the state of protein aggregation, which is a critical determinant of its solubility, and the degree of polyubiquitination are key regulatory factors that enable the sorting and clearance of protein aggregates. Thus, as the cell ages and experiences a decline in proteasome activity, it might have to rely increasingly on autophagy. In this scenario, the levels of p62 would confer a protective role by reducing the toxicity of these misfolded proteins. In vitro studies reveal that K63-linked ubiquitin may be preserved as a signal to selectively facilitate the clearance of tau and SOD-1 inclusions by autophagy. 118 With the development of antibodies selective for K63 modification, recent studies have revealed that the accumulation of inclusions that are immunopositive for K63-ubiquitin chains characterizes a genetic mouse model of 26S proteasome depletion, as well as human diseases involving proteasome function deficiencies, such as Alzheimer's, Parkinson's, and Huntington's disease. 119 The p62-mediated recruitment of misfolded proteins to autophagosomes could also involve the cooperation of other signals such as acetylation, 120 although further studies will be needed to define the exact means whereby this occurs. In situations such as cancer where p62 is upregulated, 9,121-123 cells could continue to survive and escape death thanks to the ability of p62 to activate NF-kB and to dispose of toxic aggregates, whereas, in a neurodegenerative disease such as Alzheimer's, where p62 levels are downregulated, 124 cells would die because of the accumulation of misfolded toxic proteins and a lower level of pro-survival NF-kB. Therefore, p62 could be having a decisive role in a hypothetical decision step that determines whether polyubiquitinated proteins reach a critical threshold to form aggregates or whether they are degraded through the autophagy or proteasome routes. The importance of this point of intersection in vivo, as well as its relationship to health or disease, needs to be clarified with further genetic studies in physiologically relevant organismal systems. In any case, all the literature surrounding the 'aggregate question' needs urgent clarification. That is, we need to understand which are the 'good aggregates,' and which are the 'toxic assets.' For example, the recent observation that Atg7 deficiency leads to hepatotoxicity, which is reduced in the double Atg7/p62 KO mice, is at odds with the idea that p62 is necessary to package polyubiquitinated aggregates to make them harmless, as the double-mutant livers do not develop the aggregates that are observed in Atg7-deficient mice. 108 In this regard, recent attempts to classify and understand the nature of these aggregates in yeast constitute one of the first serious efforts to better understand their actual roles and modes of action. 125 This, along with the clarification of the role played by the proteasome and DUBs in these processes, is absolutely necessary if we are to firmly establish a role for p62 in aggregate homeostasis.
Another potential function for p62 was suggested by several studies that position p62 as a key component in receptor turnover. This idea links back to the first report of p62 localization to the endosome-lysosome pathway. 126 That is, p62, through its UBA domain, associates with polyubiquitinated receptors, such as TrkA, and remains co-associated with the stage of late endosomes, although the receptor itself is degraded by lysosomes. 126 Early in the sorting pathway for TrkA, the receptor can be deubiquitinated by CylD through recruitment to the p62 scaffold, 127 resulting in receptor recycling. On the other hand, if a K63-polyubiquitinated receptor escapes this checkpoint, the chains are removed by proteasomal DUBs that associate with multivesicular bodies. 126 Recent observations further substantiate the finding that proteasomal DUBs are capable of degrading K63 chains. 128, 129 In keeping with these data, mice deficient in p62 hyperaccumulate K63 chains and TrkA itself. 103 In this trafficking network, p62 remains co-associated and is required for presentation of the K63-polyubiquitinated receptor to the proteasomal DUBs. Thus, p62 appears to be necessary for the trafficking of cargo through the endosomal-lysosomal network. Interestingly, mutation in CHMP2B, a protein involved in endosome sorting, results in the accumulation of ubiquitinated proteins and p62, similar to what is seen in human disease. 130 Together, these findings, along with recent data from the Tooze laboratory, 131 lend further support to the temporal co-association of p62 with cargo early in the endosomal-lysosomal trafficking pathway and could therefore position p62 at the crossroads during the formation of autophagosomes in certain pathophysiological situations.
Taken together, all these published observations suggest that, indeed, p62 could have a more generalized role in trafficking of a wide array of substrates targeted for autophagy or lysosomal degradation. Although autophagy was once thought to be a relatively nonselective process, it is possible that p62 could provide selectivity through capture of specific substrates. Interestingly, p62 has recently been implicated in the degradation of peroxisomes 132 and has been observed in the midbody along with the ubiquitin-related protein Atg8 during abscission, suggesting that autophagy may be coupled to cytokinesis. 133 Given the conserved nature of the p62 function in flies and humans, 112 as well as the diversity in the physiological processes connected to the function of p62, it is clear that this protein serves as a rheostat to fine-tune multiple pathways that impinge on survival or death. If confirmed, p62's role would redefine autophagy as a selective process. The task at hand will be to identify, in physiologically relevant models, specific substrates that interact with p62 to be degraded by autophagy and the regulatory mechanisms that contribute to those interactions. In this regard, the other modules in p62, and its partners, the aPKCs, NBR1, ERK, MEK5, TRAF6, and CylD, could also have roles in this newly proposed p62 function, although the genetic evidence available so far does not support their involvement in this process (Figure 4) .
On the other hand, it is possible that, rather than having a role in autophagy, p62 signaling might be modulated by this cellular process, which, because of p62's role as a prosurvival protein, could serve to fine-tune the decision of the stressed cells to live or die. Thus, although it is clear that the proposed role for p62 in the formation of the autophagic vesicles 113 is not supported by the genetic in vivo evidence from the p62 KO mice, 108 nevertheless, autophagy could be a mechanism to regulate p62-mediated signaling, as has recently been proposed for the transcriptional regulator MEF2D. 134 In this regard, the interaction of p62 with the E3 ubiquitin ligase TRAF6, which serves to promote the K-63 polyubiquitination of important intermediaries, such as TRAF6 itself, 97 IKKg, 38 or TrkA, 127 could be inactivated if p62 is degraded during autophagy, which could result in the shutting down of the survival signaling pathways regulated by p62 through NF-kB, accelerating autophagic cell death. This could be relevant under conditions in which apoptosis is partially inhibited, for example in certain tumors. In addition, hypoxiainduced autophagy has been shown to deplete cellular levels of p62, 135, 136 which triggers ERK activation that might affect cell growth and survival during hypoxic conditions. 135 Interestingly, these studies are in good agreement with previous data showing the negative regulation of ERK by p62 and its role in obesity in p62-deficient mice. 137 Consistent with the notion that p62 is a 'signaling organizer' rather than 'garbage disposal' are the very recent data from the Ashkenazi laboratory. 138 Interestingly, they show that p62 cytosolic speckles constitute receiving entities of a signaling complex made up of the TRAIL receptor and a ubiquitinated form of Caspase 8. 138 The interaction of the Caspase 8 group with the p62 complex is necessary for the generation of higher-order Caspase 8 entities, which is required for TRAILinduced Caspase 3 activation and apoptosis. 138 These results are reminiscent of previously published observations showing the formation of aggregate complexes including p62, TRAF6, and the kinase-adapter IRAK, which is necessary for a full activation of NF-kB. 35 According to this model, p62's role would be to organize different signaling complexes involving ubiquitinated signaling-relevant proteins that will determine the decision of cells to survive or undergo apoptosis. The fact that p62 can be degraded by autophagy suggests a mechanism whereby the cell could terminate these cascades under different situations, which may have pathophysiological implications in, for example, cancer. Whether the other components of the p62 hub such as the aPKCs are also involved in these 'signaling aggregates,' need to be clarified with further experimentation and will be essential for potential therapeutic intervention that would target the p62 'signaling organizer' complex.
Concluding Remarks
The aPKCs, PKCz and PKCl/i, assemble in different signaling complexes through their interactions with scaffold proteins and regulators such as Par-6, p62, and Par-4. This generates two kinds of complexes depending on the domains of the aPKCs involved. That is, the aPKCs interact through their PB1 domains to form complexes with Par-6 and p62, whereas the complex formed with Par-4 is mediated by the aPKC's zinc-finger domain. These interactions set in place a signaling network that serves to confer specificity and plasticity to the actions of these kinases in the control of different key cellular processes. Recent data from knockout mice deficient in different components of this network are helping to shed light on the roles of these signaling molecules in physiologically relevant processes, such as cancer initiation and progression. However, there are still many open questions that need to be addressed in the future. For example, what are the factors that determine which complex is formed at a given time and within a specific cell context and is there cross talk between the different complexes? Similarly, the in vivo roles of the different components of the complexes need to be addressed more systematically in the same cellular contexts to allow for a direct comparison of the different biological outcomes and phenotypes. Once the in vivo functions of each component have been identified, such as the recent advances in understanding the role of p62, the task at hand will be to discern the makeup of the relevant signaling complexes in each physiological process and the contributions of the different binding partners to these functions. Signaling through the p62-aPKC complex J Moscat et al
